Abstract-Adolescence is a critical period of brain maturation characterized by the reorganization of interacting neural networks. In particular the prefrontal cortex (PFC), a region involved in executive function, undergoes synaptic and neuronal pruning during this time in both humans and rats. Our laboratory has previously shown that rats lose neurons in the medial prefrontal cortex (mPFC) and there is an increase in white matter under the frontal cortex between adolescence and adulthood. Female rats lose more neurons during this period, and ovarian hormones may play a role as ovariectomy before adolescence prevents neuronal loss. However, little is known regarding the timing of neuroanatomical changes that occur between early adolescence and adulthood. In the present study, we quantified the number of neurons and glia in the male and female mPFC at multiple time points from preadolescence through adulthood (postnatal days 25, 35, 45, 60 and 90). Females, but not males, lost a significant number of neurons in the mPFC between days 35 and 45, coinciding with the onset of puberty. Counts of GABA immunoreactive cell bodies indicated that the neurons lost were not primarily GABAergic. These results suggest that in females, pubertal hormones may exert temporally specific changes in PFC anatomy. As expected, both males and females gained white matter under the PFC throughout adolescence, though these gains in females were diminished after day 35, but not in males. The differences in cell loss in males and females may lead to differential vulnerability to external influences and dysfunctions of the PFC that manifest in adolescence. Ó
INTRODUCTION
Adolescence, often defined as the period between puberty and adulthood, is a time characterized by neuroanatomical changes that coincide with an increased vulnerability to a variety of clinical disorders including depression, anxiety and schizophrenia (Spear, 2000; Steinberg, 2005; Paus et al., 2008) . The prefrontal cortex (PFC), a region primarily involved in executive function and emotional regulation, continues to develop across much of the lifespan with adolescence as a critical period of development. In the human PFC, there is significant synaptic pruning during the adolescent period. Between early adolescence and adulthood, there is a decrease in dendritic spine density on PFC pyramidal neurons (Petanjek et al., 2011) and a decrease in synaptic density (Huttenlocher and Dabholkar, 1997) . This period also coincides with an overall decrease in PFC volume (Gogtay et al., 2004; Lenroot and Giedd, 2006) . Importantly, there is evidence for differences in the timing and trajectory of PFC development in males and females (Lenroot and Giedd, 2006) .
Because of the difficulty in quantification and parcellation of the human PFC and given the homology between the rat and primate frontal cortex (Uylings et al., 2003) , rat models for PFC development have been reliably used. Similar to primates, the rodent PFC continues to develop into adulthood, as both its volume (Van Eden and Uylings, 1985a) and laminar specificity (Van Eden and Uylings, 1985b) peak during the periadolescent period and then decrease until at least 90 days of age. Synaptic pruning and dendritic organization have been documented in the adolescent rodent medial prefrontal cortex (mPFC) as well. Specifically, between adolescence and adulthood, both male and female rats lose dendritic spines while only female rats lose a significant number of dendrites (Koss et al., 2014) . In addition, while the density of PFC neurons projecting to the amygdala decreases between adolescence and adulthood (Cressman et al., 2010) , there is an increase in the density of fibers innervating the mPFC from the amygdala (Cunningham et al., 2002) .
Evidence from our laboratory indicates that changes in synaptic density and volume could be related to a loss of total neurons in the region. In the rat mPFC, the number of neurons decreases between adolescence and adulthood with neuronal loss being considerably greater in females (Markham et al., 2007) . There is further evidence that in females, the actions of hormones secreted after puberty lead to this decrease in mPFC neuron number, as ovariectomy before puberty prevents this loss when neuron number is assessed in adulthood (Koss et al., 2015) . This is similar to findings in the primary visual cortex where ovarian hormones after puberty were found to play a role in neuronal pruning (Nun˜ez et al., 2002) . It is currently unclear whether these neuronal losses in the mPFC involve GABAergic interneurons or glutaminergic pyramidal cells, or a combination of both. However, one study showed that ovariectomized adult females have a greater density of parvalbumin-positive GABA neurons in the mPFC than that of intact females (Cholanian et al., 2014) , suggesting the neuronal losses in intact females may detectably include GABA cells.
Counter to the pruning of many cellular components of the gray matter is the increase in white matter between the juvenile and adult periods. Myelination is known to continue well into adulthood in the corpus callosum of rats (Nun˜ez et al., 2000) . Electron microscopic analysis of the posterior (splenium) corpus callosum shows that there is an increase in the number of axons that are myelinated between the juvenile period and adulthood, even while axons are pruned (Kim and Juraska, 1997) . Furthermore the presence of ovarian hormones from puberty on leads to a lower number of myelinated axons in this region in early adulthood (Yates and Juraska, 2008) . Like the posterior corpus callosum, the volume of the white matter under the PFC continues to increase between adolescence and adulthood in both male and female rats. However, a sex difference emerges at P90 with males having a larger white matter volume than females (Markham et al., 2007) .
A critical question that remains unanswered is the trajectory of these neuroanatomical changes, specifically whether they occur gradually throughout the adolescent period or within a well-defined temporal window that may coincide with puberty. If puberty is a key component for these changes, there should be differences between males and females due to the difference in pubertal timing and the different hormones involved. Here we quantified neuron and glial cell number, along with the volume of the white matter under the PFC, in male and female rats. In addition to counts of all neurons in the mPFC, we stereologically counted the number of GABA immunoreactive interneurons. Most previous studies have compared two ages: juvenile/early adolescence and adult. Here we examine five ages from the juvenile period to puberty through adulthood in order to delineate when these anatomical changes occur.
EXPERIMENTAL PROCEDURES Subjects
Subjects were the offspring of Long-Evans hooded rats obtained from Harlan Laboratories (Indianapolis, IN, USA) and bred in the vivarium in the Psychology Department at the University of Illinois. All animals were weaned on postnatal day (P) 24 and housed with samesex littermates in pairs or triplets until sacrifice. Tissue from both male and female rats was collected at P25, P35, P45, P60 and P90 (n = 10-11 per group) for a total of 105 animals. P25 is during the preadolescent period, P35 approximates the period of pubertal onset in females, P45 approximates puberty onset in males, and P60 and 90 represent the transition from late adolescence to early adulthood. For each animal that was not sacrificed before pubertal onset, the day the animal reached puberty was recorded. For females, vaginal opening was used as a marker of puberty, since this coincides with surges of both luteinizing hormone and estrogen secretion (Castellano et al., 2011) . For males, preputial separation was used for marking puberty, as this coincides with the major surge in androgens (Korenbrot et al., 1977) . Each age group was comprised of animals from a minimum of five litters, and at each age, no more than two animals of the same sex came from the same litter. All animals were kept on a 12:12-h light-dark cycle with ad libitum access to food and water. All procedures were approved by the University of Illinois Institutional Care and Use Committee, and adhere to the National Institute of Health guidelines on the ethical use of animals.
Histology
Rats were given a lethal dose of sodium pentobarbital, and were perfused intracardially with 0.1 M phosphatebuffered saline (PBS) (pH 7.4) followed by 4% paraformaldehyde fixative in PBS. Brains were removed and post-fixed for an additional 24 h and were then cryoprotected in a PBS solution containing 30% sucrose for three days. Once a brain had sunk in sucrose, it was sliced coronally into 40-lm sections with a freezing microtome. Every fifth section containing PFC was temporarily placed into 0.1 M PBS and then mounted on gelatin-coated slides. Once dried, sections were stained with Methylene Blue/Azure II. Staining procedures were identical to those described in Markham et al. (2007) .
Volume and cell number estimation
Parcellation of the mPFC and adjacent white matter was conducted as previously described by our laboratory (Markham et al., 2007) using the StereoInvestigator software program (MicroBrightField, Williston, VT, USA). Briefly, the ventral mPFC (prelimbic (PL) and infralimbic (IL) subregions) was identified based on the cytoarchitectonic criteria delineated in Van Eden and Uylings (1985a,b) (Fig. 1A) . The boundary of the PL and the anterior cingulate was determined by the broadening of layer V cells and increase in density of layer III cells in the anterior cingulate region, along with a thin ''empty band'' that is visibly less dense. The ventral boundary of the IL is visible via a loss of laminar organization between cell layers. Within the ventral mPFC layers II/III and V/VI were parcellated for analysis. Layer I was excluded from the analysis due to a lack of neuronal cell bodies.
Parcellation was conducted by an experimenter blind to the age and sex of the animals. Frontal white matter volume and mPFC volume were calculated from every mounted section between the most anterior mounted section containing the genu of the corpus callosum and the caudal end of the IL mPFC, when the corpus callosum joins both hemispheres at the midline. Using StereoInvestigator, the experimenter defined the area of the frontal white matter, made easily distinguishable by its color and lack of cell bodies, and the area of the ventral mPFC (as described above). Additionally, the post shrinkage section thickness was measured by calculating the difference in focal depth of the top and bottom of visible tissue, made possible by a motorized stage controller (Prior Scientific, Rockland, MA, USA) which measures z-axis movement in the software. Average section thickness for each animal was estimated from more than 50 sites. Total volume of the frontal white matter and mPFC was calculated by multiplying the average thickness by the area.
Quantification of neurons and glia in the mPFC was performed identically to previous studies from our laboratory (Nun˜ez et al., 2002; Markham et al., 2007) . To obtain cell density, unbiased stereological counts of neurons and glial cells were performed using the StereoInvestigator optical disector. Counting frames (45 lm Â 45 lm) were randomly distributed across each section by the software. Each frame had 'inclusion' and 'exclusion' lines that determine which cells to include and exclude in the density calculation (Fig. 1B) . To prevent overcounting larger cells, a cell was only counted if the bottom of the cell was included in the z-axis within the counting frame (i.e., if it appeared in focus within the counting depth). As the experimenter traversed through the z-axis of a given counting frame (12 lm depth), individual neurons and glial cells, distinguishable by morphological characteristics (Fig. 1B) , were recorded with the use of distinct markers. Software presets were created to ensure that a minimum of 400 neurons and 150 glial cells were counted within each layer (II/III, V/VI) of the ventral mPFC. To obtain cell density, we divided the number of cells counted by the volume of the counting frame. Then, density was multiplied by the volume of the mPFC to obtain estimates for the total number of neurons and of glia.
GABA immunocytochemistry and analysis
Alternate brain sections from animals described above were processed for GABA immunocytochemistry. Based on the analysis of mPFC neuron number, only P25 and P90 male subjects and P35 and P45 female subjects were used. Free-floating sections were rinsed in 0.05 M tris-buffered saline (TBS), then blocked in TBS containing 20% normal goat serum (NGS), 1% hydrogen peroxide and 1% bovine serum albumin (BSA) for 30 min. Sections were then incubated for 48 h in a GABA primary antisera (Sigma-Aldrich, St. Louis, MO, USA; rabbit polyclonal; 1:3000) diluted in TTG: TBS containing 0.3% Triton-X-100 and 2% NGS). Following primary antibody incubation, sections were rinsed three times in TTG (5 min each) and placed in a solution containing 5 lg/ml goat anti-rabbit biotinylated secondary antibody (Vector Labs, Burlingame, CA, USA) in TTG for 90 min at room temperature, followed by incubation in Avidin-Biotin Complex in TBS (Vectastain Elite Kit, Vector Labs) for 1 h. Sections were then rinsed three times in TBS and incubated in diaminobenzidine (Sigma Fast Tabs, Vector Labs) for 2 min. After five rinses in TBS, sections were mounted on gelatin-coated slides and coverslipped with Permount.
This procedure labeled GABA immunoreactive (ir) cell bodies in the mPFC (Fig. 5A ) and stereological counts of GABAir cells were conducted as described above. For each animal GABA cell densities were obtained from two sections containing the mPFC, and StereoInvestigator presets were such that a minimum of 250 cells were counted for every subject. GABA cell densities were then multiplied by mPFC volume to estimate the total number of GABA-positive cells in the region. The ratio of GABA cells to total mPFC neurons was also calculated.
Statistical analysis
Based on previous work from our laboratory, we hypothesized a different trajectory of neuroanatomical changes in males and females. As a result, males and females were analyzed separately in these experiments. For neuron number, glial cell number and the volume of the white matter a one-way analysis of variance (ANOVA) (age) was run for males and females separately, with litter as a cofactor. For each of these 
RESULTS

Age of puberty
For animals that were not sacrificed prior to pubertal onset, males reached puberty at an average age of 44.9 days with a range of 42-48. The average age for the onset of puberty in females was 34.9 with a range of 32-38.
Neuron number
Because our analysis revealed no differences in neuron counts between cerebral hemispheres, or between cortical layers (2/3, 5/6) in males or females at any age, data presented are pooled from left and right hemispheres from layers 2 to 6. Females lost a significant number of neurons after P35 ( Fig. 2A) . A one-way ANOVA revealed a significant decrease in the number of neurons with age (F 1,50 = 2.987, p = 0.029). Post hoc analysis revealed that for females, there was a significant difference in neuron number between P35 and P45 (p = 0.043). There were no differences between P25 and P35 (p = 0.971), P45 and P60 (p = 0.829) or P60 and P90 (p = 0.798). Based on the timing of neuronal losses in females, we additionally ran a separate t-test for all female subjects at P35 with the independent variable being whether or not they reached puberty by that day. For females within the P35 group, there was no significant difference between those who had reached puberty and those who had not (p = 0.13) (Fig. 2B ) although the direction of the means may suggest that the onset of puberty was a precipitating factor in the drop. In males, although mean neuron number appeared to decrease incrementally, there was only a weak trend for age (F 4,53 = 3.143, p = 0.083) (Fig. 3) .
Glia number
Again, no differences were seen between hemispheres or cortical layers, so data were averaged for these factors for each animal. There was no effect of age in the total number of glial cells in either males (F 4,53 = 0.501, p = 0.735) or females (F 4,50 = 1.101, p = 0.368) (Fig. 4) .
GABA neuron number
In females, there was not a significant difference in the number of GABAir neurons between P35 and P45 (t 1,19 = 1.411, p = 0.176), nor was there any difference in males between P25 and P90 (t 1,19 = 1.257, p = 0.225) (Fig. 5B ). There was a non-significant trend toward an increase in the ratio of GABA neurons to total neurons in females between P35 and P45 The P35 female group was divided into those who had reached puberty by P35 (n = 6) and those who had not (n = 4). There were no statistical differences between these two subgroups, yet the direction of the means supports pubertal onset as a potential trigger for neuronal loss in females. (t 1,19 = 1.880, p = 0.076), while this trend was not found in males between P25 and P90 (t 1,19 = 0.297, p = 0.770) (Fig. 5C ).
Volume of white matter under frontal cortex
The ANOVA for males showed a significant increase due to age (F 4,53 = 64.729, p 6 0.001) (Fig. 6A) . Post hoc analysis revealed that every age was significantly different from the next: P25 was different from P35 (p = 0.001), P35 from P45 (p < 0.001), P45 from P60 (p = 0.005) and P90 from P60 (p = 0.032). There was also a significant increase in females (F 4,50 = 21.568, p 6 0.001) (Fig. 6B) . Post hoc tests revealed a significant difference between P25 and P35 (p = 0.001) and between P45 and P60 (p < 0.001). Unlike in males, there was no significant difference between P35 and P45 (p = 0.145), or between P60 and P90 (p = 0.220).
DISCUSSION
In the present study, there was a decrease in the number of neurons in the female mPFC between P35 and P45, which coincides with the onset of puberty. Furthermore, it appears that these neuronal losses were not predominantly GABAergic interneurons. Male rats showed only a weak trend for neuronal loss across ages. Additionally, while both males and females gained white matter volume under the PFC, this increase was somewhat blunted in female rats after puberty. There was no detectable change in total glial cell number in males or females across the periadolescent period, though this could be related to the continuing proliferation of glial cells after early development through adolescence and beyond (Lee et al., 2000) . It has been shown that females lose neurons from the PL and IL mPFC between adolescence (P35) and adulthood (P90) (Markham et al., 2007) . Here, we examine the trajectory of the neuronal losses that took place between P35 and P45. Ovariectomy before puberty at P20 prevented this neuronal loss in females compared to intact females by adulthood (Koss et al., 2015) , suggesting that ovarian hormones may play a role in the pruning of neurons. In the present study, neuronal losses coinciding with pubertal onset provide more support for the role of ovarian hormones at puberty in the development of PFC in adolescent females. This is similar to the visual cortex where the presence of ovarian hormones between puberty and adolescence has been shown to reduce neuron number (Nun˜ez et al., 2002) . Estrogen . Total number of GABA-positive cells in the male and female mPFC at select ages. The number of GABA immunoreactive cells (A) did not significantly change in female rats between P35 and P45 or in males between P25 and P90 (B). There was a non-significant trend (p < .076) for an increase in the ratio of GABA neurons to total mPFC neurons in females between P35 and P45 (C).
actions have been shown to induce apoptosis during early development (Arai et al., 1996; Forger, 2009 ) so it is conceivable that they could do so during adolescence as well. There is currently a paucity of information regarding the complete ontogeny of estrogen receptor expression in the mPFC during adolescence, but there is evidence that in rats, ERa is present in the female mPFC at least until P25 (Wilson et al., 2011) , and that ERb is strongly expressed in the mPFC of young adult females (Shughrue et al., 1997) . Future studies should examine the ontogeny of estrogen receptor localization during the pubertal period.
What currently remains unknown is whether these changes in neuron number can only occur during adolescence (i.e., a critical/sensitive period) or whether neurons in the mPFC can be affected by ovarian hormones after adolescence. There probably are limits to the effects witnessed in adolescence, given that ovariectomy followed by hormone replacement has no effect on mPFC number in middle-aged (12-13 months) female rats (Chisholm et al., 2012) . The results of the present study suggest that, at least in terms of neuron number, there is a brief period of rapid change coinciding with puberty in females. Further evidence that the female mPFC is highly plastic during the pubertal period comes from Nemati and Kolb (2012) where female rats with induced damage to the PFC during early adolescence (P35), compared to late adolescence (P55), displayed greater dendritic reorganization and more prominent behavioral resilience in adulthood. Additionally, MRI analysis of human peripubertal adolescents indicates that the increase of estrogen at puberty is correlated with decreases in gray matter in females while no changes were found in peripubescent males (Peper et al., 2009 ).
The present study also examined whether GABAergic interneurons were detectably lost. Previous work has suggested that there is an increase in the density of GABAergic interneurons in the female mPFC following ovariectomy (Cholanian et al., 2014) , and a decrease in GABA cell density in males between adolescence and adulthood (Leussis et al., 2012) . However, both of these studies only examined cell density and were restricted to parvalbumin-labeled cells, a distinct subtype of GABA neurons. Stereological counts of all GABA positive cells in the current study suggests that the total number of interneurons in males do not detectably change between preadolescence and adulthood, and that the neurons lost in the adolescent female mPFC were not predominantly GABAergic. This is further indicated by the nonsignificant trend for the ratio of GABAergic to the total number of neurons to increase between P35 and 45 when the total number of neurons decreases in females indicating that proportionately more non-GABAergic neurons are pruned than GABAergic. Given the extensive diversity of cortical pyramidal neurons, immunocytochemical analysis of glutamatergic pyramidal cells remains impractical (reviewed in Lodato et al., 2014) . Thus, we cannot currently exclude the possibility that a small number of GABAergic cells were pruned.
White matter under the frontal cortex increased in both males and females throughout the periadolescent period. In males, this increase was progressive and continued at every age examined from P25 through P90. In females, there was no increase in white matter volume between P35 and P45, corresponding with puberty. Ovariectomy prior to puberty resulted in increased volume of white matter under the mPFC in adult females (Koss et al., 2014) , extending the finding of Yates and Juraska (2008) that pubertal ovarian hormones slow the progression of myelination during adolescence in the posterior corpus callosum. Furthermore, in humans, while testosterone is positively correlated with white matter development, estradiol levels are negatively correlated with the size of frontal white matter in adolescent girls (Herting et al., 2012) . We hypothesize that increases in myelination are the underlying cellular basis for the increases in the volume of the white matter in both sexes, and the hormones of puberty slow this process in females. All of this speculation awaits further studies of the cellular changes occurring in the anterior white matter at this time.
In general, the present results support the hypothesis that in females, pubertal onset coincides with a critical There was a significant increase in frontal white matter in females across adolescence. There was an increase from P25 to P35, and from P45 to P60 (p < 0.05), but no differences between P35 and P45, or P60 and P90.
developmental period for the mPFC. Given this hypothesis, it is possible that puberty could play a role in improved performance on cognitive tasks in females, particularly those that depend on the mPFC. The transition from adolescence to early adulthood coincides with increased capacity for a variety of cognitive tasks, particularly those that involve cognitive flexibility (Andrzejewski et al., 2011; Koss et al., 2011; Naneix et al., 2012) . Though there is currently no direct link between neuronal pruning in the mPFC and improved cognition, it is possible that this neuroanatomical change, in conjunction with other changes occurring during the pubertal period, could play an important role in increased capacity for executive function. Future studies should examine the possible effects of pubertal timing on the development of cognitive behavior. A potential contribution to the occurrence of neuronal loss in females, but not males, during the peripubertal period might involve the environmental stimulation of social behavior. There is some precedent for this, in that neuronal survival is influenced by maternal stimulation during early postnatal development (Moore et al., 1992) . In adolescence, males tend to exhibit greater levels of play behavior, an effect that is at least partially mediated by perinatal hormonal influences (reviewed in Auger and Olesen, 2009 ). There is evidence that play behavior during the juvenile and adolescent period affects neural reward circuits, and involves the neocortex (reviewed in Vanderschuren et al., 1997) . It is possible that this type of behavior is a form of environmental enrichment, perhaps preventing neuronal loss in males. The role of the environment in protecting against or promoting neuronal loss during adolescence should be explored.
The present study indicates that male puberty is not associated with changes in mPFC neuron number. This does not necessarily mean that other facets of development are not occurring in males at the same time. For example, in males, the density of both D1 and D2 dopamine receptors increases between preadolescence and early adulthood (Andersen et al., 2000) . Additionally, TH fibers increase between adolescence and adulthood (Naneix et al., 2012) . Along with the trajectory of dopaminergic innervation in the adolescent mPFC, other synaptic changes that may be occurring during this time should be explored. Research on the timing of changes in the adolescent mPFC may implicate potential mechanisms that lead to vulnerability and dysfunction of the mPFC during adolescence that vary in timing and degree in males and females.
